Metalation of 3-phenyl-5-(2-pyridyl)pyrazole (HPz, 1) with alkyllithium and -zinc compounds in tetrahydrofuran (thf) yields dinuclear products [(thf)Li(Pz)] 2 (2) and [MeZn(Pz)] 2 (3), respectively. Magnesiation of 1 with diethylmagnesium in tetrahydrofuran in the presence of 1,4-dioxane leads to cocrystallization of mononuclear [(thf) 2 Mg(Pz) 2 ] (4a) and [(diox) 2 Mg(Pz) 2 ] (4b). Metalation of 1 with KH followed by a metathesis reaction with CaI 2 in tetrahydrofuran leads to the formation of dinuclear [{(thf) 2 Ca}(µ-Pz) 3 Ca(Pz)] (5) with the calcium atoms in different coordination environments. The ligand precursor 1 crystallizes as a dimer with N-H· · ·N bridges between the pyrazole fragments. The pyrazolate anions of the metal complexes 2 to 5 exhibit similar structural parameters regardless of a bridging or terminal coordination mode and the electronegativity of the coordinated metal.
Introduction
In dinuclear metal complexes with multidentate aza ligands the non-bonding metal-metal distance plays a significant role regarding the reactivity in stoichiometric and catalytic reactions. In order to vary the intramolecular metal-metal contact, slight variations within the ligand backbone can induce a large influence. In Scheme 1 the principle is demon- strated restricting this concept to singly charged anions with outer 2-pyridyl substituents. For many of those anionic ligands diverse metal complexes have been studied extensively, probably the most important group being the bis(2-pyridylmethyl)amidinates of main group and transition metals [1] . Pyrazolates represent another class of ligands with extended applications [2 -8] .
A common problem in the chemistry of 3,5-bis(2-pyridyl)pyrazolato complexes is their low solubility in common organic solvents. Therefore, we investigated selected coordination compounds with 3-phenyl-5-(2-pyridyl)pyrazolato ligands (Pz) thus reducing the denticity of this ligand. In principle, three mesomeric forms can be formulated as shown in Scheme 2. The degree of contribution of the third formula influences the rotation barrier around the C-C bond. Computational investigations on a free 3-phenyl-5-(2-pyridyl)pyrazolate anion have shown that the charge is mainly localized on the pyrazolate moiety and that the rotation barrier shows a value of approximately 42 kJ mol −1 slightly depending on the solvent. In addition, the trans conformer is slightly favored by 7 (in tetrahydrofuran) up to 21 kJ mol −1 (for the free molecule) compared to the cis isomer which is shown in Scheme 2 [9] .
AM1 calculations on 3-phenyl-5-(2-pyridyl)pyrazole (HPz, 1), however, showed a preference of the cis conformer by 13.6 kJ mol −1 due to the hydrogen bridge between the pyridyl and the pyrazole fragments [10] . The formation of an N-H bond at the pyridyl group is higher in energy by 57.4 kJ mol −1 supporting that the break-up of the aromaticity of the pyridyl moiety is strongly disfavored. For the 1,2-migration of the proton from N1 to N2 at the pyrazole ring an energy of 13.4 kJ mol −1 has to be invested.
The interest in these 3-phenyl-5-(2-pyridyl)pyrazole and -pyrazolato ligands is founded on their rich coordination chemistry with metals of different sizes and Fig. 1 . Molecular structure and numbering scheme of 3-phenyl-5-(2-pyridyl)pyrazole (HPz, 1). The ellipsoids represent a probability of 40 %, H atoms are drawn with arbitrary radii. Selected bond lengths (pm): N2-N3 135.1(2), N2-C6 135.3(2), C6-C7 138.2(2), C7-C8 140.8(2), N3-C8 134.4(2), C5-C6 146.6(2), C8-C9 147.4 (2) . oxidation states with the main focus on late transition metals such as cobalt [11, 12] , nickel [12, 13] , and copper [12, 14] as well as molybdenum [10] , ruthenium [15, 16] , palladium [17 -19] , and platinum [19, 20] . Recently, the coordination behavior of the extended ligand 2,6-bis(5-phenyl-1H-pyrazol-3-yl)pyridine towards d 10 metal cations was also investigated [21] . The regioselective N-alkylation of the pyrazole ring succeeded via metalation with NaH or NaOEt with a subsequent metathesis reaction with alkyl halides [9] . Results of computational studies support the formation of a sodium complex with a bidentate pyrazolato ligand enforcing regioselective alkylation. Here, we add detailed studies of the coordination behavior of 3-phenyl-5-(2-pyridyl)pyrazolate anions towards the s-block metal ions of lithium, magnesium, and calcium as well as methylzinc cations.
Results and Discussion
Synthesis. 3-Phenyl-5-(2-pyridyl)pyrazole (HPz, 1) was prepared according to a well-known protocol from 2-pyridinoyl-benzoylmethane and hydrazine hydrate [22] . For comparison with related compounds, its crystal structure was determined. The results verified the predicted molecular structure with an intramolecular N-H· · ·N hydrogen bond stabilizing the cis conformer. Molecular structure and numbering scheme of 1 are displayed in Fig. 1 . The numbering scheme of the ligand is identical throughout all structure presentations. All hydrogen atoms were refined isotropically and the pyrazole hydrogen atom shown to be bound at N2 (N2-H 93(2) pm). Despite the localization of the N-bound hydrogen atom there exists a far-reaching delocalization of charge within the pyrazole ring. The N2-C6 and N3-C8 bond lengths are very similar and the same is true for the C6-C7 and C7-C8 bonds. This fact is understandable because the dimerization via N2-H· · ·N3A hydrogen bridges decreases the difference between the chemical environments of N2 and N3. Despite the planarity of the molecule, the C-C bond lengths to the pyridyl (C5-C6 146.6(2) pm) and to the phenyl groups (C8-C9 147.4(2) pm) show no double bond character and represent values for single bonds between formally sp 2 -hybridized carbon atoms.
In general, pyrazoles are quite acidic and, hence, easily deprotonated because pyrazolate anions are stabilized by five-membered aromatic ring systems.
Phenyllithium, dimethylzinc (Scheme 3, coordinated solvent is omitted), and diethylmagnesium were applied to metalate 3-phenyl-5-(2-pyridyl)pyrazole (1) because the alkane by-products are easily removed. Due to the fact that simple dialkylcalcium derivatives are unknown or challenging to prepare we reacted the pyrazole with potassium hydride and subsequently with calcium(II) iodide to give the dinuclear [{(thf) 2 Ca}(µ-Pz) 3 Ca(Pz)] (5). The environments of the calcium atoms are different, and a rather complex structure was suggested by the broadened NMR resonances which showed no temperature-dependent sharpening or splitting into several signals.
In summary, we synthesized two complexes with a metal/pyrazolate ratio of 1 : 1 and two alkaline earth metal derivatives with a metal/pyrazolate ratio of 1 : 2. In order to obtain single crystals of good quality, 1,4-dioxane was added to the tetrahydrofuran solutions of the compounds. The magnesium complexes 4a,b precipitated as monomeric molecules with hexacoordinate metal centers; thf or 1,4-dioxane molecules saturate the coordination sphere of this alkaline earth metal atom and are in trans position to each other. The calcium derivative 5 crystallized as a dimer with two ligands, however, the molecular structure proved to be rather complex containing alkaline earth metal atoms with different coordination numbers and chemical environments.
In order to discuss the coordination chemistry toward s-block metal atoms and the methylzinc cation X-ray structure determinations were performed.
Molecular structures
The molecular structure and numbering scheme of (tetrahydrofuran)lithium 3-phenyl-5-(2-pyridyl)pyrazolate ([(thf)Li(Pz)] 2 , 2) are displayed in Fig. 2 . Molecular C 2 symmetry is destroyed by the orientation of the thf ligands. The ligands are chelating one lithium cation and also bridging two such cations. This bridging leads to the formation of a six-membered Li 2 N 4 ring with a trans-annular cis arrangement of the thf ligands. Whereas the Li-O bond lengths resemble characteristic values (av. 195.3 pm), the Li-N bond lengths vary within a large range. Due to electrostatic attraction the Li-N bond lengths to the pyrazolate anion are much shorter (av. 200.2 pm) than the bonds to the pyridyl groups (av. 214.1 pm). A smaller value of 193.2(7) pm was observed for bis(thf)lithium 2,5-di(tert-butyl)pyrrolide with a three-coordinate lithium atom [23] . Lithium amides represent an extensively investigated class of compounds due to their enormous importance as nucleophiles in deprotonation and transamination reactions. Hence, several excellent review articles deal with their structural properties [24 -29] . The Li-N bonds to the pyridyl bases in 2 lie within the expected range as observed also for picolylamido-and 8-quinolylamido-lithium complexes with five-membered LiN 2 C 2 rings (see e. g. refs. [30 -35] ).
Zinc pyrazolate complexes play an important role in bioinorganic chemistry as models for zinc enzymes [36 -38] . In these complexes, the pyrazolato ligand acts as a bridging ligand between two zinc cations. The basic structure of the zinc derivative [MeZn(Pz)] 2 (3a) is very similar to that of complex 2. The methyl groups also show a trans-annular cis arrangement leading to molecular C 2 symmetry with bridging pyrazolate anions. The zinc atoms are embedded in a distorted tetrahedral environment with the 3-phenyl-5-(2-pyridyl)pyrazolate anions acting as bidentate and bridging ligands. Molecular structure and numbering scheme of 3a are shown in Fig. 3 . The Zn-C bond lengths adopt values characteristic of tetra-coordinate zinc atoms [39] . Enhancement of steric strain by replacement of the zinc-bound methyl group by a bis(trimethylsilyl)amide anion (leading to structure 3b) only leads to minor changes (Fig. 4) . The structure is very similar, with transannular cis-arranged bis(trimethylsilyl)amido ligands as observed for 3,5-di(2-pyridyl)pyrazolato-zinc bis(trimethylsilyl)amide [40] . Again, the metalnitrogen distances to the pyrazolate anions are smaller than those to the pyridyl substitutents. Similar observations were already discussed in detail for picolylamido-as well as 8-quinolylamido-zinc derivatives (see for example refs. [41 -47] Fig. 5 . In these mononuclear com-plexes the magnesium atoms are bound to two bidentate 3-phenyl-5-(2-pyridyl)pyrazolate anions and to two ether ligands. The asymmetric unit contains two molecules which differ by their ether ligands: One complex contains two thf ligands, the other two 1,4-dioxane molecules in trans positions. The complexes have the metal atoms at the inversion centers. The Mg-N bonds to the pyridyl groups are longer than those to the pyrazolate moieties. A similar behavior was also found for picolylamido-and 8-quinolylamidomagnesium derivatives [45 -47] .
The larger size of calcium and the enhanced ionic character lead to a unique dimerization in [{(thf) 2 Ca}(µ-Pz) 3 Ca(Pz)] (5). The molecular structure and numbering scheme are shown in Fig. 6 . The coordination spheres of the calcium atoms differ significantly. The six-coordinate atom Ca1 is in a distorted octahedral environment of two thf molecules in a cis arrangement and four nitrogen atoms of three pyrazolate anions and of one pyridyl group. The sevencoordinate atom Ca2 is surrounded by three bidentate pyridylpyrazolato units and an additional pyrazolato nitrogen atom. Thus, three pyrazolate anions act as bridging ligands whereas one anion binds as a terminal bidentate ligand to Ca2. The irregular coordination pattern leads to large variation of the Ca1-O (238.5(3) and 245.3(3) pm) and Ca-N bond lengths (238.7(3) to 264.6(3) pm). These restraints and the three bridging pyrazolato units allow for a rather short non-bonding Ca1· · ·Ca2 contact of 367.1(1) pm. In tris(pyrazolyl)methanide complexes of calcium comparable Ca-N bond lengths were observed between neutral pyrazolyl units and five-as well as sixcoordinate calcium centers [48] . Strong electrostatic attraction between calcium cations and amide anions leads to shorter Ca-N bond lengths [8, 49 -55] supporting the importance of electrostatic interactions in mainly ionic amidocalcium complexes.
The 3-phenyl-5-(2-pyridyl)pyrazolate anions always act as bidentate ligands forming five-membered rings with the metal ions. Side-on coordination has already been observed when oligomerization of the complexes occurred, but this coordination behavior was restricted to the heaviest alkaline earth metals [8] . Aggregation with the lighter s-block metal atoms lithium and calcium as well as zinc was always encountered with Table 1 . Selected structural data of 3-phenyl-5-(2-pyridyl)pyrazole (HPz, 1) and the 3-phenyl-5-(2-pyridyl)pyrazolate anions of the lithium (2), zinc (3a and 3b), magnesium (4), and calcium derivatives (5) bridging pyrazolate fragment. Selected bond lengths of the pyrazolate anions are listed in Table 1 . It is surprising that these parameters neither depend on the charge and electronegativity of the metals nor on the terminal or bridging coordination mode. The charge appears to be completely delocalized within the pyrazolate moiety. The bonds between the pyrazolate unit and the pyridyl (C5-C6) and phenyl substituents (C8-C9) are rather short for C-C bonds between sp 2 -hybridized carbon atoms suggesting a slight charge delocalization into the π systems of these groups. The planarity of the 3-phenyl-5-(2-pyridyl)pyrazolate anions supports the extended charge delocalization. Obviously, the phenyl and pyridyl units express a similar electronic influence on the pyrazolate ring making the endocyclic N2-C6 and N3-C8 bond lengths equal within the standard deviations. These observations suggest that the bonding situation between the metal cations and the pyrazolate anions is mainly based on electrostatic contributions.
NMR studies
For determining electronic effects, NMR spectroscopy represents an excellent tool. However, due to Table 2 . Selected chemical shifts δ (ppm) of 3-phenyl-5-(2-pyridyl)pyrazole (HPz, 1) and the 3-phenyl-5-(2-pyridyl)pyrazolate anions of the lithium (2), zinc (3a and 3b), magnesium (4), and calcium derivatives (5).
the poor solubility of compounds 2 -5 strong Lewis bases had to be added in order to obtain acceptable signal-to-noise ratios. Therefore, the molecular structures in the crystalline phase and in solution can be different, allowing for deaggregation, dissociation and exchange processes fast on the NMR time scale. This dynamic behavior leads to chemically equivalent anions and makes it impossible to distinguish between a terminal and a bridging coordination mode of the pyrazolato ligands. The ionicity of the bonding situation becomes obvious from the chemical 1 H and 13 C NMR shifts. Selected NMR parameters are summarized in Table 2. The numbering scheme is shown in Scheme 4 and differs from the numbering used for the crystal structures. Expectedly, the 13 C{ 1 H} NMR resonance of C3 of 1 differs significantly from that of the deprotonated pyrazols. The chemical shifts of C4 and C5 show only very small differences. However, despite the fact that the influence of the metal on the chemical shifts is rather small, characteristic trends can be observed. Increasingly ionic bonding (i. e. decreasing electronegativity of the metal) leads to a low field shift of C5 and the ipso-carbon atom C51 of the pyridyl group. The NMR values of the lithium and the calcium derivatives are very similar due to comparable electronegativities even though the solid-state structures show no similarities. This observation can easily be explained assuming that planar anions and metal cations maximize electrostatic attraction and minimize inter-ligand repulsion. Therefore the large calcium atom gives rise to large coordination numbers whereas lithium is generally four-coordinate.
Experimental
General: All manipulations were carried out in an argon or nitrogen atmosphere under anaerobic conditions. Prior to use, all solvents were thoroughly dried and distilled in an inert gas atmosphere. 1 H NMR and 13 C NMR spectra were recorded at ambient temperature on Bruker AC 200 MHz, AC 400 MHz or AC 600 MHz spectrometers. All spectra were referenced to the deuterated solvent as an internal standard. EI-mass spectra were obtained on a Finnigan MAT SSQ 710 system. Masses marked with an asterisk contain the appropriate metal atom according to the isotopic pattern. IR measurements were carried out on a Perkin Elmer System 2000 FT-IR. The values of the elemental analyses deviate from theoretical values because weighing of these moisture sensitive compounds was challenging due to the easy loss of co-crystallized thf and also due the carbonate formation during combustion even though V 2 O 5 was added. Decomposition and melting points were measured with a Reichert-Jung apparatus Type 302102. 3-Phenyl-5-(2-pyridyl)pyrazole (HPz, 1) was prepared according to a literature procedure [22] .
Synthesis of HPz (1)
1-Phenyl-3-(2-pyridyl)propane-1,3-dione (22.5 g, 99.4 mmol) was dissolved in 150 mL of ethanol and heated under reflux. Hydrazine hydrate (10 g, 0.2 mol) was added dropwise. After 2 h the addition of hydrazine hydrate was repeated with the same amount, and reflux conditions were maintained for additional two h. Removal of all volatiles and recrystallization of the residue from toluene gave colorless needles of 1. , where n obs is the number of data and n param the number of refined parameters.
